ABSTRACT Breaking through the orthogonal shafting architecture of traditional measurement instruments, a novel articulated laser sensor for three-dimensional (3D) precision measurement is proposed. The novel sensor consists of two articulated laser sensing modules, and each module is mainly made up of two one-dimensional rotary tables and one collimated laser to achieve a flexible angle intersection. Moreover, a high-resolution digital camera is mounted on the right sensing module to achieve vision guidance. The three axes of each sensing module represent a non-orthogonal shafting architecture. The requirements of structural design, material selection, processing technology, assembling, calibration and maintain are greatly lowered. The costs are greatly reduced, including time and money. The system architecture, parameter calibration and measurement principle are elaborated. An accurate intersection model of two laser beams is proposed to calculate the accurate rotation angles of rotary tables by discrete point interpolation method. The experimental results showed that a maximum error less than 0.05 mm was detected from 100 mm to 500 mm. It is proved that 3D precision measurement is feasible with this proposed articulated laser sensor.
I. INTRODUCTION
Nowadays 3D precision measurement has been widely applied into many aspects, such as 3D shape detection, reverse modeling and quality control in manufacturing. The precision measurement instrument is a key part in the modern industry. It could greatly improve the automation level, and ensure the worker safety and product quality [1] , [2] .
3D vision sensors are widely applied in 3D measurement due to their characteristics of non-contact and abundant information. The common 3D vision sensors include stereo vision [3] - [7] and structured light vision [8] - [10] . The stereo vision systems require neither moving parts nor active illumination and provide high spatial resolution at low power consumption [11] . However, stereo vision has the disadvantages of large computation, poor match efficiency and poor robustness. Structured light vision system is an effective method to capture 3D information from the distorted images with the light patterns [12] , [13] . By illuminating artificial pattern on the target object, it avoids the demand of The associate editor coordinating the review of this article and approving it for publication was Tao Liu. natural texture on the object surface. Many companies such as Meta Vision, Servo Robot and Scout have developed various line structured light sensors. The laser structured light vision could only be applied into the local search and cannot provide global information about industrial environment [14] .
Coordinate measuring machine (CMM) equipped with touch-trigger or scanning probes is a highly-accurate measurement instrument for 3D coordinates [15] - [17] . However, the widespread application of CMM is limited by its high cost and strict working condition. Theodolite and laser tracker [18] - [20] are widely employed for 3D measurement in industry owing to their highly-accurate. To achieve precision measurement, the three axes of theodolite and laser tracker are required to be strictly orthogonal. If the structural requirement cannot be achieved, the shafting tilt error will be produced. Therefore, the manufacturing and application costs are increased.
In the industrial applications, the interest is focused on their specific advantages when compared with other 3D measurement instruments, especially the cost and the compactness. There is increasing appreciation of the fact that 3D precision measurement in industrial applications will be low VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ cost, on-site and portable. For the deficiencies and application limitations of traditional measurement instruments, a novel articulated laser sensor is introduced for 3D precision measurement in this paper. The resulting sensor mainly consists of two articulated laser sensing modules which are based on non-orthogonal shafting architecture. As in traditional instruments, there are also three axes in each articulated laser sensing module, but with no the requirements of orthogonality and intersection. The remainder of this paper is organized as follows. In Section II, the system architecture and measurement description of articulated laser sensor are introduced. In Section III, the parameters calibration method is presented. In Section IV, the mathematical model of the articulated laser sensor is set up in detail. In Section V, the accurate intersection model of two laser beams is introduced. In Section VI, the simulations based on Solidworks and actual measurement experiments are performed. Those simulation and experimental data validate that the proposed sensor is effective. The paper ends with some concluding remarks in Section VII.
II. SYSTEM ARCHITECTURE AND MEASUREMENT DESCRIPTION A. NON-ORTHOGONAL SHAFTING ARCHITECTURE
To achieve precision measurement, traditional coordinate measurement instruments such as theodolite, total station and laser tracker require that the three axes are strictly orthogonal. The vertical axis is perpendicular to the horizontal axis and the horizontal axis is perpendicular to the measuring axis, as shown in Fig. 1 . In addition, the three axes must intersect at one point, as shown in section view in Fig. 1 . If the structural requirement of orthogonality has not been reached, the shafting tilt error will be generated. And the measurement accuracy of the instrument will be greatly reduced. The requirements of orthogonal shafting architecture are strict, including structural design, material selection, processing technology, assembling, calibration and maintain.
To reduce the manufacturing and application costs, a novel articulated laser sensing module is proposed. The novel sensing module mainly consists of two one-dimensional rotary tables and one collimated laser, as shown in Fig. 2 . Compared with traditional orthogonal shafting instrument, the three axes of articulated laser sensing module represent a non-orthogonal shafting architecture without orthogonal and intersecting requirements. The three axes are 3D lines on different planes and the angle of accurate 90 • between two axes is no longer needed. It means that the articulated laser sensing module can be quickly and easily built up with separate two rotary tables, one collimated laser and fixed connecting parts. The costs are greatly reduced, including time and money. In this paper, the dihedral angle of fixed connecting part is approximately 90 • to expand the measurement space. Fortunately, the dihedral angle has no requirement of machining accuracy. To achieve different applications, the dihedral angle of fixed connecting part is variable. 
B. ARTICULATED LASER SENSOR
Two articulated laser sensing modules are combined into a novel articulated laser sensor to achieve 3D measurement, as shown in Fig. 3 . In particular, a high-resolution digital camera is mounted on one sensing module to achieve vision guidance.
As with determining 3D coordinates utilizing traditional forward intersection measurement instruments, the articulated laser sensor operation is based on the intersection of two laser beams in the measuring zone. The coincidence of the two laser spots on the measured object denotes the intersection of the visualized measuring axes. As shown in Fig. 4 , when the right laser beam intersects with the left laser beam on the measured object, the coordinate of a 3D point can be calculated based on the rotation angles provided by the rotary tables of two articulated laser sensing modules. The mathematical model will be introduced in Section IV and the accurate intersection model of two laser beams will be introduced in Section V.
III. PARAMETERS CALIBRATION
Calibrating the articulated laser sensor is a key aspect of 3D measurements, and the measurement accuracy depends heavily on the parameters calibration method [21] , [22] . Obtaining the related position of three axes of articulated laser sensing module is needed. Three axes of each articulated laser sensing module can be described as three lines in 3D space, as shown in Fig. 5 . The motion of measuring axis, which is a key part to receive the coordinates of measured points, could be divided into two kinds of motion, including yawing rotation and pitching rotation. Yawing rotation is the rotating motion around vertical axis, and pitching rotation is the rotating motion around horizontal axis. To describe the movement of measuring axis, the spatial pose of each axis must be described, which is the so-called system parameters. The parameters of each axis consist of the direction vector and the fixed point on each axis, as shown in Fig. 5 . The system parameters of the articulated laser sensor are listed in Table 1 . 
A. CALIBRATION OF VERTICAL AND HORIZONTAL AXES
A calibration method of articulated laser sensor has been proposed [23] , which has been applied to this sensor successfully. To make precise measurements, it is necessary to calibrate the parameters with highly-accurate measurement instrument. A CMM is employed to calibrate articulated laser sensor in the laboratory. Two porcelain beads with highly-precision machining are adhered on the surfaces of two articulated laser sensing modules respectively, as shown in Fig. 6 .
Rotating two articulated laser sensing modules vertically and horizontally every ten degrees and measuring the centers of beads in each position by CMM, thirty-six measured points are obtained from the complete trace of the beads. The parameters of horizontal axis and vertical axis are obtained by the least square method. The flow chart of data processing is shown in Fig. 7 . The normal vector of fitted plane is recorded as the direction vector of the rotation axis, the ellipse center is recorded as the fixed point of each axis. Especially, the downward direction is taken as positive for the vertical axis.
B. CALIBRATION OF MEASURING AXIS
A laser receiving plate with high-precision machining is used to obtain the laser spot to calibrate the measuring axis, as shown in Fig. 6 . Three porcelain beads are adhered on the surfaces of the laser receiving plate, which is improved to simplify the computing process compared with the method in reference [23] . The centers of beads are obtained by CMM and image processing, respectively. The centers of the laser spots on the image plane are obtained by image processing. By analysis of space vectors, the coordinates of laser spots on the laser receiving plate are obtained in CMM coordinate system. The flow chart of data processing is shown in Fig. 8 .
Fortunately, the fixed points and direction vectors of three axes of two articulated laser sensing modules are described in CMM coordinate system. So the relative relationship of two articulated laser sensing modules can be obtained. Compared with traditional multi-station measurement system [24] , a scale bar for calibrating the extrinsic parameters is no longer needed.
C. COORDINATE SYSTEM TRANSFORMATION IN CALIBRATION
The coordinate system of each articulated laser sensing module is defined as follows. As shown in Fig. 5 , the coordinate systems of left and right module are transformed from CMM coordinate system, including one translation and one rotation. The origin of CMM coordinate system is translated to the fixed point on measuring axis, which is defined as the origin of coordinate system of each articulated laser sensing module. Then the y-axis of CMM coordinate system is rotated to be parallel to the direction vector of vertical axis, which is defined as the y-axis of coordinate system of each articulated laser sensing module. The translation is expressed by a translation vector T W and the rotation is expressed by Rodrigues matrix R W . The transformations from the CMM coordinate system to the coordinate system of left and right articulated laser sensing module is respectively expressed as
The transformations from the coordinate system of right articulated laser sensing module to left module is expressed as
IV. MATHEMATICAL MODEL A. KINETIC MODEL OF ARTICULATED LASER SENSING MODULE
During measurement, the measuring axis is rotated around the vertical axis for yawing rotation and around the horizontal axis for pitching rotation. The transformation relationship of coordinate systems is shown in Fig. 9 . The coordinate system of left articulated laser sensing module is defined as Oxyz and set as the measurement coordinate system of articulated laser sensor. The coordinate system of right articulated laser sensing module is defined as O R x R y R z R .
To simplify the analysis, the left articulated laser sensing module is taken as an example. The right articulated laser sensing module is the same as left module. The fixed point on vertical axis is translated to the fixed point on measuring axis. So the vertical axis passes the origin of coordinate system of articulated laser sensing module, and the homogeneous translation vector is defined as T yaw . The rotation matrix for yawing rotation is defined as R yaw . The transformation matrix M yaw of yawing rotation is described as
where
and α represents the yawing rotation angle.
From the structure of articulated laser sensing module, the yawing rotation of horizontal axis is also described by M yaw .
Then the pitching rotation is analyzed. The dynamic fixed point on horizontal axis is translated to the origin of dynamic coordinate system of articulated laser sensing module, and the homogeneous translation vector is defined as T pitch . The rotation matrix for pitching rotation is defined as R pitch . The transformation matrix M pitch of pitching rotation is expressed VOLUME 7, 2019
is a quaternion describing the rotation [25] . β represents the angle of pitching rotation and h is unit direction vector of dynamic horizontal axis, which is obtained by M yaw .
Combining (4) and (5), the transformation matrix from initial coordinate system to dynamic coordinate system is described as
Similarly, the transformation matrix M R of the right articulated laser sensing module is obtained.
B. THE CALCULATION MODEL OF SPATIAL COORDINATES
For the low-accuracy of traditional perspective projection model, the calculation model based on the midpoint of common perpendicular of lines on different planes is employed in this paper. The measuring axes of two articulated laser sensing modules are described as two lines on different planes, as shown in Fig. 10 . Combining calibrated parameters and kinetic model, the direction vector and fixed point of measuring axis of left articulated laser sensing module are expressed as
where p WL and P WL have been obtained in Section III.
Similarly, the direction vector and fixed point of measuring axis of right module in coordinate system of sensor are expressed as
The measuring axes of two articulated laser sensing modules are respectively expressed as (12) where t and t represent length coefficients. By setting t = t 1 and t = t 2 , two points of L 1 (t 1 ) and L 2 (t 2 ) are selected on two measuring axes, respectively. Assume that L 1 (t 1 ) and L 2 (t 2 ) are the foot points between two measuring axes and common perpendicular, as shown in Fig. 10 . The dot product of p ML and
is 0 and the dot product of p MR and
is 0. t 1 and t 2 can be obtained by the following equations
t 1 and t 2 are substituted into (11) and (12) . And L 1 (t 1 ) and L 2 (t 2 ) are obtained.
The midpoint of common perpendicular is described as
V. ACCURATE INTERSECTION MODEL
Accurate intersection of two laser beams is a crucial part to achieve precision measurement. For the limitation of angle resolution of rotary table, it is difficult to achieve accurate intersection. An accurate intersection model is proposed. The model is used to calculate the accurate rotation angles of rotary tables by discrete point interpolation method on non-accurate intersection conditions. Each rotary table of the articulated laser sensing module is rotated in a small angle range. And the movement track AB of laser spot on the target plane is approximately a line, as shown in Fig. 11 . The range of small angle is related to the measurement distance and the spatial positions of laser beam and target plane. Based on the pinhole camera model, A B is the movement track of laser spot on the image plane. A B is decomposed into two directions, u-axis and v-axis. The relationship between moving distance on each axis and the rotation angle of rotary table is approximately linear. The linear relationship is described as
where (u, v) is the coordinate of laser spot on the image plane, (α, β) is the rotation angle of rotary table and (a 1 , b 1 , c 1 ) and (a 2 , b 2 , c 2 ) are the parameters of linear equations. The rotary tables are rotated more than three times in a small angle range. And more than three sets of (u, v) and (α, β) are obtained. (a 1 , b 1 , c 1 ) and (a 2 , b 2 , c 2 ) are derived by least square method as follows
Combining (15) and (16), the matrix equation is obtained
The left laser spot coordinate of (u 0 , v 0 ) on the image plane is substituted into (17) . And the rotation angles of right sensing module are obtained, which are corresponding to the accurate intersection of two laser beams.
VI. VALIDATION EXPERIMENTS A. SIMULATION OF ARTICULATED LASER SENSOR MEASUREMENT
Based on Solidworks, a simulation environment for articulated laser sensor is set up as shown in Fig. 12 . The measurement distance for simulation is from 100 mm to 500 mm. 65 points are placed in different positions in the measurement space. The system parameters of articulated laser sensor are calibrated in the Solidworks coordinate system, as shown in Table 2 . Corresponding to the practical calibration, the value of calibrated parameters are accounted to three decimal places. Utilizing the simulation system parameters of the articulated laser sensor, the 3D coordinates of the remaining 65 points were obtained. The truth 3D coordinates are generated by Solidworks. The deviations of measured values and truth values are shown in Fig. 13 and Table 3 .
Combining Fig. 12 , Fig. 13 and Table 3 , the simulation results are obtained as follows. First, the articulated laser sensor is able to deliver a high performance and the maximum measurement error is less than 0.02 mm from 100 mm to 500 mm in the simulation environment, which is generated from the rounding error of decimal places. Second, the measurement error increases with the increase of measurement distance. Third, the measurement error approximatively increases with the increase of the divergence angle, whose zero reference is shown in Fig. 12 .
B. EXPERIMENTS OF ARTICULATED LASER SENSOR MEASUREMENT
In the experiment, a CMM was employed to calibrate the system parameters. By measuring the small adhered balls rotated around the corresponding axes, the direction vectors and fixed points of the horizontal and vertical axes were obtained by ellipse fitting. And the spatial position of measuring axis could be obtained by the CMM and image processing. The system parameters in the CMM coordinate system are shown in Table 4 .
To obtain an extremely highly-accurate spatial coordinate of the intersection of two laser beams, a highprecision machining hemispherical target with the centre dot is employed, as shown in Fig. 14 . The coordinate of centre dot are obtained by two measuring ways, as shown in Fig. 15 . The points on the sphere surface are measured by CMM and the coordinate of centre dot is received by sphere surface fitting, which is defined as reference value. The intersection of two laser beams is measured by articulated laser sensor, which is defined as measured value. 20 measured points are placed in different positions in the measurement space, as shown in Fig. 16 . The deviations of measured values and reference values are shown in Fig. 17 and Table 5 .
From the Fig. 16 , Fig. 17 and Table 5 , the experimental results are obtained as follows. First, the maximum measurement error is less than 0.05 mm from 100 mm to 500 mm in the real experimental, which is worse than the simulation results. Second, the overall trend of the measurement error is the same as the simulation results. 
VII. CONCLUSION AND FUTURE WORK A. CONCLUSION
Based on non-orthogonal shafting architecture, a novel articulated laser sensor for 3D precision measurement is proposed in this paper. The presented sensor mainly consists of four one-dimensional rotary tables, two collimated laser and one camera. Although the uncertainty of assemblage, the system parameters of sensor are calibrated accurately by CMM and image processing. The measurement principle is elaborated. The experimental results show that the maximum measurement error of the proposed sensor is less than 0.05 mm. The encouraging results prove that this sensor is suitable for 3D measurement applications.
B. FUTURE WORK
Motivated by the increasing demands in the industrial applications, the measurement distance will be expanded to 1000 mm and measurement accuracy will be improved in the following work. However, the measurement error increases with the increase of measurement distance. It is necessary to carry out uncertainty evaluation and error compensation.
The studies of the non-orthogonal shafting architecture are important to theoretical research and practical application. This architecture can be easily transplanted for different applications. By changing the type, number and layout of rotary tables and laser, the different measurement distances and accuracies can be realized. For instance, the distance of two non-orthogonal module is enlarged to achieve the large-scale measurement. The non-orthogonal shafting architecture is expected to develop a novel precision measurement method and a series of novel precision measurement instruments.
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